We analyze a wideband spectrum in a cognitive radio (CR) network by employing the optimal adaptive multiband sensing-time joint detection framework. This framework detects a wideband M-ary quadrature amplitude modulation (M-QAM) primary signal over multiple nonoverlapping narrowband Gaussian channels, using the energy detection technique so as to maximize the throughput in CR networks while limiting interference with the primary network. The signal detection problem is formulated as an optimization problem to maximize the aggregate achievable secondary throughput capacity by jointly optimizing the sensing duration and individual detection thresholds under the overall interference imposed on the primary network. It is shown that the detection problems can be solved as convex optimization problems if certain practical constraints are applied. Simulation results show that the framework under consideration achieves much better performance for M-QAM than for binary phase-shift keying or any real modulation scheme.
I. Introduction
To combat the spectrum shortage faced due to the fixed spectrum allocation policy by agencies all over the world, cognitive radio (CR) has been proposed as a potential solution. A CR supports the efficient use of the spectrum by finding the existence of spectrum holes. These spectrum holes play a key role in optimizing the given bandwidth by allowing secondary users (SUs) to transmit data when the primary user (PU) is inactive [1] . To enable dynamic spectrum access, the SU must monitor the local spectrum periodically and detect the spectrum holes through spectrum sensing [2] , [3] .
For maximum spectrum utilization, a wideband spectrum should be considered for secondary transmission opportunities. Generally, this wideband spectrum is divided into multiple nonoverlapping narrowband subchannels. These subbands are then down-converted and digitized and can be analyzed in parallel [4] - [10] or sequentially [11] - [15] . Sequentially sensing the wideband spectrum is time-consuming compared to the parallel sensing approach, as the latter permits efficient management of a wideband spectrum, due to simultaneous detection of the primary signal across multiple frequency bands at the cost of detection hardware [16] .
In the multiband sensing-time joint detection (MSJD) framework [7] - [9] , the channel sensing problem is devised by dividing the wideband channel into nonintersecting contiguous subbands. The SU senses these subchannels periodically for sensing opportunities or vacating the channels when the PU reappears so as to impose minimum interference with the PU. The spectrum sensing problem is formulated as an optimization one, in which the objective is to maximize the secondary throughput. This optimization problem is further simplified as convex by imposing some practical conditions. Hoseini and Beaulieu [7] , [8] determined the problem to be convex when the primary signal is complex phase-shift keyed (PSK) and the channel is circularly symmetric complex Gaussian (CSCG). In previous work [9] , an analysis of the MSJD framework for the primary signal and channel that are CSCG was done, and the range for which the MSJD framework is convex was presented.
In [17] , Latif concluded that M-ary quadrature amplitude modulation (M-QAM) modulated signals can be easily utilized in high data rate applications providing more power efficiency than a complex PSK modulated signal can provide, while providing the same bandwidth efficiency as compared to a complex PSK modulated signal. However, the MSJD framework has never been analyzed for an M-QAM primary signal.
In this work, the MSJD framework is analyzed for a primary M-QAM signal over a CSCG channel. Under the determined ranges, the framework appears to be convex. The simulated results clearly reflect that maximum secondary throughput is obtained when the primary signal is M-QAM modulated. The results are compared with the cases when the primary signal is binary phase-shift keyed (BPSK), CSCG, and modulated through a real modulation scheme.
II. Energy Detection in Individual Bands
To perform sensing on each individual subband independently, we decompose the received signal into L different waveforms, as illustrated in Fig. 1 . We perform signal detection in each subchannel ; when any of these subchannels are not being used by the secondary receiver, they can be used for opportunistic transmission [8] . Sensing each subchannel can be formulated as a binary hypothesis test as 0,
where 0, H denotes the situation in which the primary signal is absent from the -th subchannel and 1, H denotes the presence of the primary signal. It is assumed that each primary signal is M-QAM modulated and the channel is CSCG.
Energy detection is used to detect the presence or absence of primary signals in each subband in the allotted sensing slot τ. Consequently, the decision statistics of the -th subchannel using energy detection can be written as
where K is the number of received samples in each subband. Figure 2 [2] depicts the frame structure for periodic spectrum sensing. Here, T is the frame length divided into one sensing , in which f s is the system sampling frequency. Thus, the decision rule is given as follows:
where ξ is the decision threshold in subband . For a given threshold vector ξ and sensing time τ, the probability of false alarm and detection can be compactly represented as
.
The probability of missed detection is given by ( , )
ξ τ ξ τ = − 1 P P and 1 denotes the vector made up of all ones. For successful detection, P d should be as high as possible, while P f should be kept as low as possible. Definition 1. According to the central limit theorem, for a large number of samples, the probability distribution function (PDF) of ( ), T r which is otherwise a chi-square distribution under both hypothesis 0, H and hypothesis 1, , H can be approximated by a normal distribution. Let the PDF of ( ) T r be defined as
From [18] , the variance (6) and (8), respectively, are found to be
Definition 2. The probability of false alarm for the -th subband is
, Q 1 .
Definition 3. The probability of detection for the -th subband is defined as
Accordingly, the probability of detection for the M-QAM signal and CSCG noise is
III. MSJD Framework for M-QAM Signal
In this section, the MSJD framework [4] for wideband spectrum sensing is presented (refer to Fig. 3 ). The objective of the problem is to optimize the performance of the secondary network. This is done by finding the optimal threshold vector 1 2 3 , , , ,
and sensing time τ for the CR system to make efficient use of the unused spectrum without causing harm by interfering with the PUs.
Problem Statement
Let C be the opportunistic throughput of the SU, at subchannel , when it operates in the absence of the PUs and
The available throughput can be defined as ( )
where
is the vacancy in the spectrum detected by the Fig. 3 . Block diagram of MSJD framework [4] .
. .
SU and (T-τ)/T is the frame duration available for opportunistic transmission [9] . In a CR network, licensed users should experience limited interference. For a wideband primary communication system, the effect of interference induced by CR devices can be characterized by a relative priority factor for each PU transmitting over the corresponding subbands, that is,
, where ζ is the cost of interfering with a PU in the -th subchannel [4] . Accordingly, the aggregate interference to the PU network can be defined as
For a single-user primary network, all subbands are used by one PU and I=1. Problem (P1), including four constraints, can thus be stated as In general, it is difficult to find the global solution for (P1) since both the objective function and the constraint function are nonconvex. However, this problem can be considered in the convex optimization category by exploiting the hidden convexity in the problem under some practical conditions. Due to false alarm and sensing-slot duration, there is an opportunistic throughput loss R loss . Thus, the problem is reformulated to simplify analysis [4] , [7] as
where loss ( , ) ( , ) 1 .
The constraints for (P2) are the same as the constraints for (P1).
To classify (P2) as a convex optimization problem, the objective function and constraints must be convex [18] . While (C1) consists of summation on the left-hand side of the inequality and a system design parameter for interference tolerance on the right-hand side, the constraint turns out to be convex. However, (C2) and (C3) are nonconvex, so we derive the associated probabilities and convexity ranges for the specific case (M-QAM primary signal) as follows.
Convexity of MSJD Framework for M-QAM Signal
The convexity range on P f and P d for the M-QAM modulated signal and CSCG noise case is as follows.
Lemma 2. The function ( )
Proof. The Hessian of the above matrix can be calculated as 
Consequently, the matrix is positive semi-definite, implying that ( ) .
It is positive definite for
as proven in [8] .  From [18] , a nonnegative weighted sum of convex functions is a convex function. Hence, under Lemmas 2 through 4, both the objective function and the constraint function are convex if the following conditions are fulfilled: 
IV. Simulation
The results are simulated by employing a two-stage algorithm, as proposed in [8] , [9] . The steps involved are as follows:
Step 1. Select an initial sensing time τ.
Step 2. Select the tolerance.
Step 3. Run the first stage of the algorithm, in which the threshold vector is optimized (assuming a constant τ).
Step 4. Based on the threshold, the throughput loss R loss obtained in Step 3 is previuos loss R .
Step 5. Calculate m P .
Step 6. Run the 2nd stage of the algorithm, in which the optimum sensing slot duration τ is determined, assuming the threshold (obtained from Step 3).
Step 7. Based on the optimum sensing slot τ duration, the throughput loss R loss obtained in Step 6 changes to next loss R .
Step 8. Repeat
Step 3 through Step 7 of the algorithm iteratively based on updated values of ξ and τ, until the value of previuos next loss loss tolerance R R − ≺ and the solution are sufficiently accurate.
In the first stage of the algorithm, the threshold vector ξ is optimized (assuming a constant τ). Problem (P2) can accordingly be simplified into an equivalent form as ( )
, 
Consequently, the optimization problem is reduced to
and ( ) f P is convex in the range 0 0.5.
γ ≤ ≤
Since the optimization variable is only τ, the problem can be rewritten as 
where ( ) min τ is the minimum sensing time required at each subchannel, obtained by
In this section, computer simulation results are presented to evaluate the MSJD framework for the M-QAM signal using the energy detection sensing technique. Consider a 48-MHz wideband spectrum over which PU communication takes place. In this communication, orthogonal frequency division multiplexing modulation with eight subcarriers is adopted (that is, L=8). The received SNR ϒ , throughput rate (kbps) C T , and the cost coefficient i ζ are associated with each individual subchannel. Furthermore, the opportunistic spectrum utilization is at least 50% (that is, β=0.5), and the margin of opportunistic detection is at most 20% (that is, γ=0.2). Furthermore, the maximum time for which the SU network is unaware of the PU activity (that is, T) is selected such that Tf s =3,000. One typical parameter set that is utilized for simulation is given in Table 1 . Figure 4 plots the maximum available throughput for CR transmission versus the aggregate interference in the primary network. It is evident that an M-QAM signal achieves a superior performance to that of a BPSK signal, a CSCG signal, and a real-valued Gaussian signal as a PU signal.
In Fig. 5 , the available opportunistic throughput for CR transmission is plotted against the sensing time for M-QAM and the BPSK primary signal using the MSJD framework. We Table 1 . Typical system parameter set used for the simulation. observe that the opportunistic throughput for CR transmission decreases as the sensing time increases. In other words, decreasing the sensing time increases the opportunistic throughput for CR transmission.
In Fig. 6 , the first graph examines the effect of increasing the cost of interference with the PU on the threshold for the first subchannel, and the second graph examines the increasing cost of interference with the PU on the opportunistic throughput for the first subchannel. As the cost of interference increases, the corresponding threshold decreases to decrease the first subband interference with the PU, causing the throughput to decrease. In Fig. 7 , the first graph is an analysis of the effect of increasing the opportunistic throughput for the first subchannel versus the threshold, and the second graph examines the effect of increasing the opportunistic throughput for the first subchannel versus aggregate throughput. An increase in opportunistic throughput C results in an increase of threshold ξ, such that the overall opportunistic throughput R increases.
VI. Conclusion
In this paper, to support periodic spectrum sensing, we considered media access control frame structure design. Mainly, we studied the problem of designing both the sensing slot duration and threshold to maximize the achievable throughput for SUs under the constraints that the PUs are protected from interference from the SUs. An optimal framework for wideband spectrum sensing, referred to as MSJD, was analyzed for a M-QAM primary signal and a CSCG channel to maximize the achievable opportunistic throughput of the SU while keeping the interference with the PU network limited. The problem that was formulated seemed to be nonconvex, but, by applying practical constraints on it, proved to be a convex optimization problem for M-QAM primary signals and the CSCG channel noise condition. Results were compared with BPSK and real-valued Gaussian primary signals and CSCG or real-valued Gaussian noise.
